, where an epimer refers to one of a pair of stereoisomers including the nonepimeric and epimeric forms.
Circulating 25(OH)D 2 , which is mainly derived from dietary intake or vitamin supplements, has a low detection rate in general populations (5) . Therefore, a large sample size with sufficient incident T2D cases is needed to examine the association of 25(OH)D 2 with T2D risk, which has not been reported so far. The epimeric form 3-epi-25(OH)D 3 has been recognized only recently as a product of epimerization of the nonepimeric 25(OH)D 3 (4, 6, 7) , although the enzyme for the epimerization step and also the biochemical roles of 3-epi-25(OH)D 3 remain unknown. In a prior study in Switzerland (8), 3-epi-25(OH)D 3 as a proportion of total 25(OH)D 3 [3-epi-25 (OH)D 3 plus nonepimeric 25(OH)D 3 ] was positively associated with incident insulin resistance, although its association with incident T2D has not been reported so far. As well as lack of clarity about their associations with incident T2D, the correlates of 3-epi-25(OH)D 3 and 25(OH)D 2 across European countries are largely unknown, with previous investigations being limited to a single study or country, including several US cohorts (5, (9) (10) (11) .
Therefore, the aims of this study were to: (i) investigate the correlates of plasma concentrations of nonepimeric 25(OH)D 3 , 3-epi-25(OH)D 3 , and 25(OH)D 2 across eight European countries; and (ii) examine the associations with incident T2D for the three 25(OH)D metabolites, as well as total 25(OH)D for comparison with previous literature. We hypothesized that 3-epi-25(OH)D 3 would be associated with higher risk of T2D given the prior findings (8) and that nonepimeric 25(OH)D 3 , 25(OH)D 2 , and total 25(OH)D would be associated with a lower risk of T2D.
Materials and Methods

Study design
The current analysis used data from the European Prospective Investigation into Cancer and Nutrition (EPIC)-InterAct case-cohort study (12) , conducted in eight European countries. Briefly, a total of 12,403 T2D cases were ascertained and verified from among 340,234 participants of the EPIC cohort study with 3.99 million person-years of follow-up (1991 to 2007). A subcohort was created by randomly selecting 16,835 individuals from those with available stored blood and buffy coat, stratified by center. A total of 16,154 participants remained in the subcohort after exclusion of those with prevalent diabetes (n = 548) and unknown diabetes status (n = 129). There were 778 overlapping incident T2D cases in the subcohort, which is a feature of the case-cohort design. For this analysis, we excluded individuals with no plasma samples available (n = 4969) or with hemolyzed samples (n = 32), or samples that were too low in volume for analysis (n = 49) or failed in biochemical analysis (n = 78). Therefore, our final sample for analysis included 22,651 participants with measurement of at least one 25(OH)D metabolite (9671 T2D cases and 13,562 subcohort individuals, with 582 incident T2D cases in the subcohort) (7) . All participants provided written informed consent, and the study was approved by the local ethics committees in the participating centers and by the Internal Review Board of the International Agency for Research on Cancer.
Ascertainment of incident T2D cases was conducted through a review of multiple sources of evidence, including self-report, linkage to primary care registers, secondary care registers, medication use (drug registers), hospital admissions, and mortality data (12) . Information from any follow-up visit or external evidence with a date later than the baseline visit was used. T2D cases in Denmark and Sweden were identified through local and national diabetes and pharmaceutical registers, and they were considered to be verified. To increase the specificity of the case definition for other centers, we sought further evidence for all self-reported cases with independent sources, including individual medical record reviews in some centers (12) . Follow-up was censored at the date of diagnosis (31 December 2007) or the date of death, whichever occurred first. 
Measurement of plasma 25(OH)D metabolites and other blood biomarkers
Measurement of diet and other covariates
Dietary information was collected using country-or centerspecific self-or interviewer-administered dietary questionnaires, which were developed within each country (17, 18) . Baseline physical activity was assessed with a questionnaire (19) . Other data were collected by questionnaire on a variety of lifestyle and health-related factors, such as education level, occupational status, smoking status, and menstrual and reproductive history (18) .
Statistical analysis
Statistical analysis was performed using Stata 14 (StataCorp, College Station, TX). We imputed nonepimeric 25(OH)D 3 values below the LLQ (n = 23) by assigning a random value between 0 and the LLQ, but we did not impute 3-epi-25(OH)D 3 or 25(OH)D 2 , as 60.3% and 95.5% of their values, respectively, were below the LLQ. We calculated the ratio of 3-epi-25(OH)D 3 to nonepimeric 25(OH)D 3 , as the ratio reflects the enzyme activity for the epimerization.
We accounted for the seasonality of blood draw using a linear combination of the sine and cosine of the time variable (day of blood draw) (20) . All 25(OH)D variables were winsorized using the values representing the first and 99th percentiles of the distribution in the subcohort. We fit a multivariable linear regression model to data from the subcohort to estimate country-specific cross-sectional associations of demographic, lifestyle, and dietary variables and circulating biomarkers with individual 25(OH)D metabolites, except for 3-epi-25(OH)D 3 and 25(OH)D 2 , where Tobit regression was used owing to the large number of left-censored values below the LLQ (21) . The analysis of 25(OH)D 2 was not stratified by country owing to the small sample size within each country. All metabolites except for nonepimeric 25(OH)D 3 had skewed distributions and were log transformed. Estimated associations were combined across countries using random-effects metaanalysis.
We used Prentice-weighted Cox regression to estimate countryspecific hazard ratios (HRs) for T2D comparing quintiles and per 1 SD (calculated from the subcohort) of each 25(OH)D variable, and then combined these HRs using random-effects meta-analysis. For 25(OH)D 2 , we estimated the HRs from models fit to the overall dataset owing to the small sample sizes with available data within each country. We also estimated the HR of T2D for 3-epi-25(OH)D 3 or 25(OH)D 2 below the LLQ compared with the lowest quintile of the exposure. We fit four statistical models: model 1 included age as the underlying timescale, sex, study center, and seasonality; model 2, as model 1 plus smoking status, physical activity, education, alcohol drinking, total energy intake, Mediterranean diet score as an indicator of diet quality, and circulating lipid biomarkers . We adjusted for HDL-C and LDL-C, rather than total cholesterol, because circulating 25(OH)D was more specifically associated with HDL-C or LDL-C in previous reports (22) (23) (24) .
We performed several additional analyses based on the most adjusted model 4 for the 25(OH)D metabolites: model 4a, including dietary factors (dietary intake of fish, egg, red meat, dairy products, cereal, poultry, processed meat, offal, margarine, butter, and mushrooms) and vitamin supplement use as covariates; model 4b, excluding people with HbA1c $6.5% (or 48 mmol/mol) at baseline or those confirmed as T2D cases within the first 2 years after baseline to assess the potential influence of reverse causality; model 4c, including baseline HbA1c as a covariate to examine the influence of baseline glycemic status; model 4d, including circulating hepatic (alanine transaminase, aspartate transaminase, and g-glutamyltransferase) and renal function markers (creatinine, uric acid) as covariates to examine the influence of liver and kidney function; model 4e, including plasma phospholipid saturated fatty acids and polyunsaturated fatty acids as covariates to examine the influence of plasma fatty acids given that vitamin D is a lipidsoluble vitamin; model 4f, including baseline prevalence of stroke, heart disease, or cancer or family history of diabetes as covariates; and model 4g, among women, we additionally adjusted for hormone therapy use and menopausal status. We also performed an interaction analysis between season and nonepimeric 25(OH)D 3 on T2D, as well as an analysis stratified by season (in model 4) to investigate whether the association between nonepimeric 25(OH)D 3 and incident T2D was consistent across seasons.
We investigated the impact of missing covariate data on the results of both the linear and weighted Cox regression analyses using multiple imputation. Analysis was performed in each of 10 imputed datasets that were created using all the covariates from model 4, with the event variable and Nelson-Aalen estimate of cumulative hazard accounting for the case-cohort design; estimates from each imputation were combined using Rubin's rules (25) .
To explore the shape of the association between 25(OH) D metabolites and incident T2D, we applied a multivariable random-effects meta-analysis to combine the estimated country-specific association of plasma 25(OH)D metabolites with incident T2D (based on model 4 above) using a restricted cubic spline (26, 27) ; for 25(OH)D 2 , the model was fit to the overall dataset rather than by country. As the wide range of 3-epi-25(OH)D 3 and 25(OH)D 2 would potentially distort the shape of the associations, we used log-transformed values for these analyses and plotted the HR of T2D by the logtransformed 3-epi-25(OH)D 3 or 25(OH)D 2 . The P values for nonlinearity were calculated using a Wald test of the relevant parameter from the restricted cubic spline model.
Finally, we investigated potential multiplicative interactions of 25(OH)D metabolites with age, sex, BMI, physical activity, hormone therapy use and menopausal status, modeling age, BMI, and physical activity as continuous variables; others (sex, hormone therapy use and menopausal status) as binary. We estimated associations within the relevant subgroups when a significant interaction (P , 0.05) was observed.
Results
Population characteristics
The mean (SD) plasma concentrations in the subcohort were as follows: plasma total 25 (6.52 ) nmol/L. The baseline population characteristics by cases and noncases are presented in an online repository (7) , and baseline population characteristics in the subcohort by quintiles of plasma 25(OH)D metabolites are presented in Table 1 and an online repository (7). In the subcohort, nonepimeric 25(OH)D 3 was positively correlated with 3-epi-25(OH)D 3 (Spearman r = 0.44, P , 0.001) and negatively correlated with 25(OH)D 2 (Spearman r = 20.30, P , 0.001), whereas there was no significant correlation between 3-epi-25(OH)D 3 and 25(OH)D 2 (P = 0.109) (7).
Cross-sectional associations of demographic, lifestyle, and dietary variables and circulating biomarkers with plasma 25(OH)D metabolites
We observed seasonal variation for both nonepimeric 25(OH)D 3 and 3-epi-25(OH)D 3 across countries with highest levels between July and September, and lowest levels between January and March (P , 0.001 for seasonal variation) (7) . No consistent pattern of seasonal variation across countries was seen for 25(OH)D 2 .
Accounting for the influence of seasonal variation and other potential confounders, several demographic, lifestyle, and dietary factors and circulating biomarkers were associated with nonepimeric 25(OH)D 3 ( Fig. 1) (7) .
Dietary vitamin D intake and vitamin supplements as well as physical activity and serum creatinine were positively associated with nonepimeric 25(OH)D 3 , whereas BMI was inversely associated. Associations with 3-epi-25(OH)D 3 were generally weaker in magnitude than, but directionally consistent with, nonepimeric 25(OH)D 3 . Alcohol intake and physical activity were both positively associated, whereas BMI was inversely associated with 3-epi-25(OH)D 3 . Vitamin supplements showed the most strongly positive association with 25(OH)D 2 . Alcohol intake was positively associated with the ratio of 3-epi-25(OH)D 3 to nonepimeric 25(OH)D 3 . Findings from analyses using multiple imputation were similar.
Association between plasma 25(OH)D metabolites and incident T2D Table 2 shows that after adjustment for age, sex, center, and seasonality (model 1), there was an inverse association between nonepimeric 25(OH)D 3 and incident T2D (model 1) that was attenuated after adjustment for diabetes risk factors, circulating lipids, and BMI (models 2 and 3) but became stronger after adjustment for the other vitamin D metabolites. Plasma 3-epi-25(OH)D 3 was positively associated with T2D in models that adjusted for BMI (model 3) or further adjusted for the other vitamin D metabolites (model 4). Comparing quintiles, a positive association between 3-epi-25(OH)D 3 and T2D was present for Q5 vs Q1 (Table 2 ). There was no evidence of an across the four models ( Table 2 ). The secondary inclusion of 3-epi-25(OH)D 3 into the definition of total 25(OH)D produced similar results (7). There was no evidence of an association between 25(OH)D 2 and T2D in any of the analyses ( Table 2 ). The ratio of 3-epi-25(OH)D 3 to nonepimeric 25(OH)D 3 was positively associated with T2D in all models when comparing the extreme quintile groups (7). There was little evidence of between-country heterogeneity for vitamin D metabolites (7) .
Results were largely unchanged in sensitivity analyses that included adjustment for a range of additional factors or that addressed possible reverse causation or applied multiple imputation (7) . The association between nonepimeric 25(OH)D 3 and incident T2D was similar across seasons (no significant interaction was found: P interaction = 0. Cubic spline models suggested a potential nonlinear association with T2D for nonepimeric 25(OH)D 3 (P nonlinearity = 0.013), 3-epi-25(OH)D 3 (P nonlinearity = 0.022), and their ratio (P nonlinearity = 0.014) (Fig. 2) (7) . A positive association between 3-epi-25(OH)D 3 and T2D was observed within the fifth quintile when the 3-epi-25(OH)D 3 was higher than ;4.48 nmol/L (1.5 in log-transformed value).
There was evidence of interaction (P , 0.001) between both nonepimeric 25(OH)D 3 and 3-epi-25(OH)D 3 and BMI (7) . The inverse association of nonepimeric 25(OH)D 3 with T2D and the positive association of 3-epi-25(OH)D 3 with T2D were both stronger among those with a higher BMI.
Discussion
The multicenter EPIC-InterAct study identified diverse correlates of plasma vitamin D metabolites in epimeric and nonepimeric forms across eight European countries. Specifically, we found that plasma nonepimeric 25(OH)D 3 was inversely associated with T2D, consistent with findings for total 25(OH)D, whereas 3-epi-25(OH)D 3 was positively associated with T2D, and 25(OH)D 2 was not associated with T2D.
Plasma nonepimeric 25(OH)D 3 was correlated with a variety of lifestyle and dietary factors and circulating biomarkers, confirming previous reports (28, 29) . Our finding of higher levels of plasma nonepimeric 25(OH)D 3 in Northern Europe is consistent with prior reports Linear regression or Tobit regression was used to obtain the country-specific estimates of association (except for latitude due to limited study centers in some countries, or 25(OH)D 2 due to limited sample size), which were combined across countries using random-effects meta-analysis. Only associations that were significant (P , 0.05) for at least one metabolite are presented. Estimates for other variables and covariates included in the models are presented in an online repository (7) . Results are from complete case analysis, with n = 11,369 for each of the nonepimeric 25(OH)D 3 , 3-epi-25(OH)D 3 , and 25(OH)D 2 . GGT, g-glutamyltransferase; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids.
including European populations (30, 31) , but their generalizability was low due to small sample size (,1000 European participants) and limited population representativeness (either in elderly people or in postmenopausal women). Thus, our study with its large sample of European populations provides support for a northto-south gradient (from high to low) for the distribution of plasma vitamin D 3 across Europe. The reason for this apparently counterintuitive distribution is probably because of the high intake of dietary vitamin D or vitamin D supplements in Northern European countries (32) .
Prior evidence on the correlates of 3-epi-25(OH)D 3 is limited. In the United States-based NHANES study (n = ;13,000) (5), serum 3-epi-25(OH)D 3 was inversely associated with BMI and C-reactive protein, and it was positively associated with vitamin D intake and supplement use. Another United States-based study, ARIC (n = ;3300) (11), confirmed these associations and additionally found positive associations of serum 3-epi-25(OH)D 3 with physical activity levels and HDL-C concentrations. We found directionally consistent association of the 3-epi-25(OH)D 3 with BMI, physical activity, and HDL-C, but no association with dietary vitamin D or supplement use in European populations. Of note, in the current study, alcohol intake was correlated with 3-epi-25(OH)D 3 or the ratio of 3-epi-25(OH)D 3 to nonepimeric 25(OH)D 3 , which was not reported in prior studies (5, 11) .
For 25(OH)D 2 , owing to the typical low concentration in populations, there have been limited reports of its potential correlates. In a recent Finnish study (33) , serum 25(OH)D 2 was positively associated with a low sunlight exposure period (compared with a high sunlight period) Model 1 Several meta-analyses based on observational studies consistently suggested that there was a dose-response inverse association between circulating total 25(OH)D and T2D risk (2, 34, 35) , although the sample size of the individual studies included in these meta-analyses was typically small, with studies having between 26 and 829 incident T2D cases (34) . Our findings of total 25(OH)D and nonepimeric 25(OH)D 3 , as a major contributor to total 25(OH)D, confirmed results from these previous studies on total 25(OH)D (2, 34, 35) and further confirmed a potential nonlinear association between 25(OH)D and T2D, as suggested previously (36) .
No prior study has reported the prospective association between 3-epi-25(OH)D 3 and T2D risk. Although the epimerization pathway of vitamin D metabolites has been previously observed within in vitro studies, the existence of the epimer of vitamin D 3 in human pediatric and adult populations has only emerged more recently (4), aided by analytic development in resolving the isomeric compounds. To our knowledge, there was only one prior study that assessed 3-epi-25(OH)D 3 and examined its association with intermediate markers for T2D incidence (8) . The study of a Swiss population assessed incident insulin resistance as an outcome and reported no significant association of 3-epi-25(OH)D 3 (41) . The same genetic approach after such decomposition is warranted, because it is possible that the prior null genetic findings reflected both a potentially causal T2D risk-raising effect of epimeric 25(OH)D 3 (or C-3 epimerase) and risklowering effect of the nonepimeric 25(OH)D 3 , thereby leading to overall null findings in the genetic studies.
To our knowledge, no previous study has reported on the association between circulating 25(OH)D 2 and incident T2D. The lack of research may be due to the technical difficulty in measuring very low concentrations of 25(OH)D 2 in a large-scale study; hence, to our knowledge, our current study provides the first investigation of 25 (42) . The lack of association between 25(OH)D 2 and incident T2D in our study is therefore consistent with this biological consideration.
The strengths of this study include its large sample size, together with inclusion of measures of multiple 25(OH)D metabolites in epimeric and nonepimeric forms across diverse populations in eight European countries. This enables us to investigate the dietary and lifestyle correlates of these metabolites, as well as their associations with new-onset T2D in a prospective study design. The current study has several limitations. Although 25(OH)D has been shown to be stable in stored samples (14) , the stability of the epimeric form has not been confirmed and measurement errors may exist. Nevertheless, observed concentrations of the epimeric 25(OH)D 3 metabolites were comparable to those of prior studies (4, 11) , and potential measurement errors are unlikely to be differential with respect to case status. Our study included predominantly white European-origin populations, therefore justifying the need for further multiethnic investigations, as genetic differences between race/ethnic groups in vitamin D metabolism are clinically important (43) . Our observational findings do not imply causality in the observed associations. Future research, including observational studies to confirm our findings as well as experimental studies and Mendelian randomization studies on different 25(OH)D metabolites, is needed to characterize the physiological roles of 25(OH)D metabolites and vitamin D metabolism in the development of T2D.
The current study suggests that nonepimeric 25(OH)D 3 , the major component of total 25(OH)D, is inversely associated, whereas its epimeric form is positively associated with incident T2D. These findings indicate that vitamin D metabolism in relationship to the etiology of T2D is more complex than previously understood, and they provide novel information to assess the biological relevance of vitamin D epimerization and vitamin D subtypes in T2D etiology.
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